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The purpose of this research was to analyze the capabilities of fast neutrons in the detection 
and analysis of various isotopes in bulk samples. The deuterium-tritium (DT) fusion reaction 
generates highly penetrating, high-energy (14.1-MeV) neutrons which induce nuclear reactions in 
irradiated targets. Neutrons and gamma rays are generated in these reactions. Emitted gamma rays 
are characteristic of the emitter; the gamma spectrum enables stoichiometric identification of the 
assayed samples. Neutron backscattering can also be used for identification of the elemental 
composition of the sample.   
This work had three objectives. The first objective was to develop a computational technique 
to model the DT neutron-based assay. The second objective was to examine the in situ fast-neutron 
assay of Martian and Lunar regoliths for H2O. The third objective was to evaluate the 
nondestructive DT neutron assay of potentially hazardous compounds for applications in national 
security and defense. Each assay scenario was modeled using the Monte Carlo N-Particle code 
(MCNP). The astrochemistry scenarios assumed a potential robotic lander to carry the fast-neutron 
probe with optimal shielding and moderator components. The security scenario included a dual-
mode (gamma rays and neutrons) detector for active interrogation of suspicious samples.  
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The Monte Carlo modeling data were analyzed using spectral processing routines developed 
in MATLAB, and subsequent determinations of stoichiometry of the samples and element’s 
detectability were made. Based on the study, an overall conclusion about the model’s viability for 
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CHAPTER 1 - INTRODUCTION 
1.1 Motivation 
Rapid nondestructive identification of elemental (and isotopic) compositions of bulk samples is a 
powerful capability in both security and astrochemical applications. In security applications, it 
allows for the expedited, noninvasive, and nondestructive assessment of suspicious objects. 
Nondestructive assay is particularly desirable when the physical perturbation of the object under 
scrutiny is dangerous, inconvenient, or impossible. Nondestructive assay methods can be applied 
to “black box” objects, where any interaction with said object can cause catastrophic results. Other 
applications include automated industrial systems and astrochemical unmanned probes, where 
automation significantly reduces costs and dangers involved. These methods can be generalized to 
commercial industries where extensive elemental analysis by other means is both lengthy and 
difficult.  
Identifying water, hydrocarbons, and other elements on extraterrestrial orbiting bodies is a key 
focus of modern astrochemical investigations. In addition to their scientific value, these elements 
represent potential resources for long-term resource exploitation and colonization efforts. Water is 
of special interest, due to its widespread potential uses in extraterrestrial exploration. It provides 
sustenance for potential crew and serves as a fuel when split into hydrogen and oxygen using 
electrolysis. Hydrogen and oxygen have the highest specific impulse of the chemical fuels for 
rocket flights, while oxygen is necessary for human respiration, and water is necessary for human 
biological functions. Water is heavy and increases spacecraft payload. Methods of utilizing local 
water extraction are extremely desirable when considering the cost of spaceflight.  
NASA’s report on the potential assay of Martian regolith using neutrons focused on the 
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identification of water concentrations as a function of measured epithermal neutrons. This 
demonstrates the feasibility of neutron-based astrochemical analysis [1]. Use of a modern dual-
mode gamma/neutron detector would expand upon the capabilities of space-based active assay 
systems, combining the capabilities of gamma-ray based stoichiometry with the measurements of 
thermal and epithermal neutrons.  
Threats to national security in the nuclear age are omnipresent. Identification of potentially 
hazardous material is a critical security concern, especially at points of entry on sea and land 
borders. The scale of maritime shipping makes sweeping all imported cargo problematic. A United 
Nations report estimated that over 11 billion tons of cargo were loaded aboard container ships in 
2018 alone [2]. Rapid diagnostic and remote sensing capabilities allow this cargo to be secured 
without manual interaction. Existing systems rely on emission of radiation from potential fissile 
material, or a single mode of detection, coupled with imaging (Fig. 1). Dual-mode neutron/gamma 
active interrogation systems allow for the examination of potentially hazardous objects without 
physical interaction. The Idaho National Laboratory’s scientists studied neutron interrogation of 
potential “black boxes” that contained fissionable material [3]. By using a pulsed neutron source, 
they were able to separate backscatter from prompt fission neutrons and identify shielded special 
nuclear materials. While the identification of special nuclear material is of paramount importance, 
chemical and explosive weapons are also significant threats. The ability to detect and identify these 





Figure 1: Security Radiation Portal 
 
 
1.2 Historical Background 
Since the discovery of X-rays in 1896 by Wilhelm Conrad Roentgen, the field of physics has 
slowly evolved to better understand and characterize of the properties of high energy radiations. 
Significant contributions include Henri Becquerel’s separation of the phenomenon of radioactivity 
from X-ray emission, Marie Curie’s characterization of the radioactivity of radium and polonium, 
and Ernest Rutherford’s gold foil experiments. It is through this early work with radioactivity that 
humanity began to understand its potential uses and dangers.  
Many of the initial effects noticed by early pioneers in the field were later developed into useful 
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detection systems. Shortly after discovering the X-rays, Roentgen made the first real measurement, 
an X-ray photograph of his wife's hand [4]. He also noticed the ionizing effects of radiation by 
examining the conductivity of air after the X-ray irradiation. Many modern detectors rely upon 
these principles as methods of detection, as realized by Curie. The cloud chamber was another 
early type of sensor that allowed the detection and visualization of radiation. Built in 1911 by 
C.T.R Wilson, these chambers rely upon changes in pressure caused by emitted radiations, leaving 
tracks of vapor visible along their paths. Microcalorimetry for radiation measurements found its 
roots in the slightly elevated temperatures that early Radium samples presented. Geiger counters 
rely upon the photoionization first discovered by Roentgen. Scintillators find their roots in early 
fluorescent materials that were then combined with optical films to detect the presence of radiation. 
Finally, one-off dosimeters rely upon chemical reactions induced by radiation.  
While newer radiation detection methods rely upon advances in computing and 
microelectronics, and a more thorough understanding of quantum mechanics, the basic physical 
interactions which allow the detection remain unchanged. The development of elpasolite 
scintillators such as Cs2LiYCl6:Ce
3+ (CLYC) allows the simultaneous, dual-mode detection of 
neutrons and gammas through several primary reactions. The 6Li(n,𝛼) and 35Cl(n,p) reactions 
generate scintillation photons for thermal and fast neutron detection, respectively [5]. Pulse shape 
discrimination (PSD) methods ensure the segregation of neutron and gamma counts within the 
detector.  
Radiation transport codes evolved in parallel to advances in diagnostics, sensors, and 
computing. In 1777, Comte de Buffon posed a question: How would distributions of randomly 
thrown needles would stack up on ruled paper. This was later applied by Pierre-Simon Laplace in 
the determination of 𝜋 [6]. This method, now called the Monte Carlo Method (MCM) was first 
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applied to radiation transport by John von Neumann in 1947. The benefit of MCM was the ability 
to model neutron diffusion problems without the Linear Boltzmann Equation, which quickly 
becomes unwieldy when modeling all but the simplest of problems [7]. The MCM expands the 
number of variables studied, the range of values at which radiations can be studied and allows for 
additional geometric considerations.  
A particularly well developed, tested, and versatile nuclear transport code is MCNP, or Monte-
Carlo N Particle. MCNP has its roots in the MCM, which was adapted for radiation transport by 
John von Neumann, Stan Ulam, and Enrico Fermi. As time progressed, multiple transport codes 
were developed at Los Alamos National Laboratory to handle different reactions. MCNP was 
derived from a combination of these forefathers. MCN, or Monte Carlo Neutron, was designed to 
handle neutrons specifically. It was capable of variance reduction, source biasing, fission, neutron 
thermalization, and free gas thermal modeling [8]. MCNA, or Monte Carlo Neutron Adjoint, 
sampled from the adjoint transport equation to confirm the results of MCN. MCG, or Monte Carlo 
Gamma contained many of the features of MCN and tacked on additional physics relevant to 
photons including Compton scattering, pair production, and the photoelectric effect.  
Additional codes that combined neutron and gamma functionality, modeled criticality, and 
handled electrons were developed. Much of the functionality contained within these codes were 
folded into MCNP [9].  
1.3 Methodology 
While historical measurements were carried out using films and sensors generating analogue 
electrical signals, the advent of computer systems has fundamentally changed the way science is 
conducted in the 21st century. Digital signal processing and spectroscopy, and radiation transport 
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codes now are widely used in radiological sciences. Codes like FLUKA, MCNP, OPENMC, and 
many others are used by scientists around the world for computational modeling and validation of 
experimental systems of interest. Inherent difficulties in experimentation with penetrating 
radiations guided our approach. Due to our requirements, a high-fidelity, stochastic computational 
model using MCNP was chosen.  
The MCNP code is capable of handling coupled photon, neutron, and electron transport 
problems utilizing pointwise cross-section data [10]. All reactions detailed in the cross-section 
data are utilized. MCNP is also capable of modeling coherent and incoherent scattering, as well as 
photoelectric absorption and emission. MCNP has been validated in countless experiments 
encompassing nearly all its functionality [11]. Its verified modeling capabilities make it ideal for 
conducting computational experimentation when physical experimentation is not viable. MCNP’s 
capabilities make it perfect for the type of fast neutron-based analysis intended, namely, neutron 
and gamma spectroscopy using a dual-mode gamma/neutron detector in a DT neutron-based assay 
of various materials.  
While the MCNP code is capable of solving particle transport problems, spectral data analysis 
capabilities are required to interpret results. A code library written in MATLAB, or MATrix 
LABoratory, is intended to fill that gap. MATLAB is a programming language developed by 
Mathworks. It radically simplifies data analysis through a suite of matrix and array features 
including simplified indexing, loopless matrix multiplication, and simplified matrix manipulation. 
All data analysis routines, including output parsing, spectral analysis, and visualization were 
written in MATLAB. Additionally, codes were developed to modify MCNP input files, effectively 
automating certain portions of the MCNP input file programming.   
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CHAPTER 2 – LITERATURE REVIEW 
2.1 Radiation 
Radiation can be broken down into two main categories, ionizing radiation and non-ionizing 
radiation. Ionizing radiation is capable of stripping charged particles, namely electrons, from their 
parent atoms. In contrast, non-ionizing radiation does not have the energy that is required to 
remove electrons from their parent atoms. Ionizing radiation can be further subdivided into two 
types, charged and uncharged radiations. Charged particle radiations consist of electrons, protons, 
and heavy nuclei. These radiations have charge from the protons in a nucleus or the single unit 
charge of the electron or positron. Uncharged ionizing radiation possesses no electromagnetic 
charge. These radiations include electromagnetic radiation, neutrons, neutrinos, and other more 
exotic particles, typically observed in accelerator-based experiments or as the cosmic radiation. 
Ionizing electromagnetic radiation can be arranged into two categories, X-rays, and gamma rays. 
Ionizing radiation is generated from a variety of reactions involving high energy states. These 
states are defined by high kinetic energies, atomic binding energies, and extreme temperatures. 
High energies lead to high energy radiations. A primary source of ionizing radiation is a radioactive 
decay, caused by an imbalance of the nuclear and electromagnetic forces. Radioactive decays can 
be subdivided into the alpha decay, beta decay, spontaneous fission, and gamma emission. Alpha 
decay is the main decay mode for superheavy elements with atomic numbers greater than 81 and 
results in the emission of a 4He nucleus [13]. Beta decay generates negatively charged electrons or 
positively charged positrons [12]. A result of quantum tunneling, a spontaneous fission, splits a 
nucleus into two smaller nuclei (fission fragments) [14]. Electromagnetic radiations consist solely 
of photons. In the context of decay, gamma radiation results from energy stored in the nucleus due 
to other interactions. X-rays, in contrast, are the result of processes involving atomic electrons. 
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Many other forms of radiation exist, including annihilation radiation, Bremsstrahlung radiation, 
Cherenkov radiation, and others. These are outside of the scope of this research.  
Neutrons are generated in a wide variety of reactions including spontaneous and induced 
fission, alpha interactions, photoneutron reactions, and fusion. Because of their lack of charge, 
neutron radiation is one of the most penetrating radiations. Neutrons can be separated into slow or 
fast energy groups. This distinction is based upon their energy and can be defined as follows: slow 
neutrons have energies below 0.1 electron volts (eV). Fast neutrons have energy above 10 keV. 
Intermediate or resonance neutrons can be defined based on their energy as well [15].  
Multiple potential sources of high-energy neutrons exist. Fusion neutrons are of particular 
interest due to their wide range of energies, timing control, and ease of production. Both 
Deuterium-Deuterium (DD) and Deuterium-Tritium (DT) fusion reactions are utilized in portable 
neutron generators for their compact size and high energy products (see Equations 1 - 3). DD 
fusion produces both high-energy neutrons and high-energy protons at equal rates. In 50% cases, 
DD reaction produces monoenergetic 2.45 MeV neutrons and 3He that share 3.27 MeV. With 50% 
probability, 3T and a proton may be also produced in a DD reaction (Q = 4.03 MeV, Ep = 3.02 
MeV, ET=1.01 MeV). In DT fusion with low incident particle energies, 
4He and a neutron share 













3𝐻𝑒 + 𝑛 + 3.27 𝑀𝑒𝑉                                               (3) 
Charged particles in these reactions typically do not leave the chamber, instead being captured. 
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Because of the temperatures and energies involved, DT fusion systems can produce a small 
fraction of DD events.  
Gamma rays are the direct result of transitions between the energy levels in the nucleus. 
Gamma rays generally range in energy from several keV to several MeV. Gammas are fairly 
penetrating but are unable to effectively penetrate elements with high atomic numbers. Gammas 
are ubiquitous in spectroscopy. The unique and quantized energy of many gamma emissions make 
them especially suited for remote sensing. Gamma rays are emitted from nuclei altering their 
energy levels, or the annihilation of particles of known mass. Energies of these specific gamma 
emissions are physically tied to their parent isotopes, allowing stoichiometric identification of the 
emitters.  
The primary reactions of interest are prompt and delayed emissions. These can be further 
divided. Prompt emission usually results from thermal neutron capture (n,𝛾) and inelastic neutron 
scattering (n,n’𝛾) reactions. Delayed emission usually occurs when a secondary particle is ejected, 
namely (n,𝛼 𝛾), (n,p 𝛾) reactions. The nucleus is left in an excited state after the nucleon ejection, 
creating a subsequent photon as it returns to the ground state.  
 2.2 Active Assay Techniques  
Active sensing is a branch of non-destructive analysis (NDA); a scheme is shown in Fig. 2. 
Unlike passive sensing, active sensing relies on the use of interrogating (probing) radiations. These 
probing radiations interact with the target and generate radiation signatures with quantized 
energies that can be measured by a detector. The produced, quantized emissions can be leveraged 
to distinguish between different isotopes.  
Different temporal profiles for sources of probing radiation exist. Pulsed neutron sources are 
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of particular interest. Pulsed sources allow the measured signal to be separated into two portions 
(during the pulse and between pulses), removing source radiations from consideration [16]. The 
resulting gamma emissions lead to indications of the sample’s composition.  
 
 
Figure 2: NDA Techniques. 
 
 
One primary application of active sensing methods is in the detection of fissile and fertile 
nuclear material. Nuclear material type can be determined by tuning the probing neutron’s energy. 
The neutron energy threshold is at 0.6 MeV. Neutrons below this energy are subthreshold and 
cannot fission the 238U, while those above are considered super-threshold [17]. Because we will 
not be investigating fissile or fertile material, additional information about detection of special 
nuclear material is omitted.  
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Other applications of this method analyze the energy of returning neutrons to detect the 
presence of moderators in the sample. The Dynamic Albedo of Neutrons, or DAN, measures 
spectral broadening of neutron backscatter to identify water in the Martian surface [18]. The 
constraints of space travel have led to the use of compact DT neutron sources. Sources with 
weights as low as 2.7 kg, power consumptions of 10 watts and mean neutron counts of ~ 107 
neutrons per pulse exist [19].  
Active assay can be carried out with two types of interrogating radiations, the aforementioned 
neutrons and gamma rays. While much of the existing body of literature focuses on active 
interrogation applied to the detection of special nuclear materials, there are no physical restrictions 
when applying these techniques to the identification of other isotopes.  
2.3 Dual-Mode Neutron/Gamma Detectors  
Many neutron detectors rely on materials with high neutron-capture cross sections. Among 
these materials, 3He is the most widely known. This reaction results in two ionized particles 
moving through the detector medium. Each individual ion strips additional charges to create more 
ions. When an electric field is applied, these ions and electrons generate charged particle 
avalanches that travel in the opposite directions and generate a current, which can be processed 
and converted into a usable signal. A cheaper gaseous option, boron trifluoride, can take the place 
of 3He detectors for cost-limited applications; however, it is a hazardous substance that should be 
handled accordingly.  
Gadolinium also possesses a high neutron capture cross section at 255,000 barns (b). Neutron 
capture in Gadolinium results in conversion electrons, which are useful in position sensitive 




Scintillation detectors convert kinetic energy of incident radiation into light via fluorescence. 
Fluorescence is the process of shedding energy through electron energy level transitions. The 
design of scintillator molecules encourages emission through a specific band of energy levels. 
Internal conversion and thermal interaction shed excess energy within these molecules to a single, 
desirable excited state [20]. These states emit photons of known wavelength into a transparent 
medium of the scintillator.  
When designing scintillators, there are several characteristics of interest.  Scintillators should 
have linear responses, be transparent to the wavelength of the scintillation, emit that light on short 
timescales for the adequate temporal resolution, and possess indices of refraction similar to glass 
or other materials used in the photomultiplier tube (PMT) for coupling. All scintillators 
compromise on some of these requirements to achieve better performance among the others. These 
design requirements for scintillation detectors are applied to both electromagnetic and particle 
radiations.  
Dual-mode (neutron/gamma) detectors enable detection of two radiations simultaneously 
using a single scintillator that is coupled to PMT or other optical readout device such as a silicon 
photomultiplier (SiPM) through the pulse shape discrimination (PSD). PSD compares a ratio of 
the head and the tail of the signal, effectively comparing decay times between gamma and neutron 
pulses [21-24]. In other words, PSD compares integrated charge between two predefined time 
windows in the signal. PSD has also been evaluated as a means of distinguishing between thermal 
and fast neutrons [25]. Cs2LiYCl6:Ce
3+, or CLYC detectors utilize scintillation to detect both 
neutrons and gamma rays via PSD. They possess large selectivity between neutrons and gamma 
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rays due to time difference in scintillation decays via the core valence luminescence (decay 
constant of 2 ns), prompt cerium-3+ emission (50 ns), and cerium self-trapped excitation (1,000 
ns) [26-29]. CLYC retains a good energy resolution of ~ 5% at 662 keV and a light output of 
20,000 photons/MeV per photon and 70,000 photons per thermal neutron [30]. The primary 
thermal neutron detection mechanism is the 6Li(n,𝛼)t reaction detailed in Equation (4). Charged 
reaction products are responsible for neutron scintillation [31-36]. Applications in position 





3𝐻 + 𝛼 + 4.78𝑀𝑒𝑉                                            (4) 
2.4 Monte Carlo Techniques 
Monte Carlo techniques are ubiquitous in the world of scientific computing. These techniques 
involve generating objects whose behavior is solely defined by a stochastic model. In other words, 
Monte Carlo seeks to randomly sample large quantities of particles, simulate road traffic, or predict 
fluctuations in the stock market by generating millions, billions or trillions of events governed by 
underlying statistical functions [41]. The uses of Monte Carlo fall broadly into 3 categories. The 
first is sampling, in which Monte Carlo simulations can model the behavior of real-world 
interactions, like neutron and electromagnetic radiation transport. The second and third 
applications are estimation and optimization.  
Monte Carlo methods are present in a vast majority of scientific, engineering, and computing 
fields. These include physics, fluid dynamics, signal processing, all forms of radiation transport to 
include both ionizing and nonionizing radiation, ray tracing and artificial intelligence.  
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2.5 Applications  
MCNP and other Monte Carlo codes have significant applications across many scientific fields. 
MCNP is used for radiation transport modeling, and spans the following: nuclear reactor modeling, 
medical applications, oil well logging, and accelerator modeling. Additional applications are 
unlimited in scope. The following is an examination of the applications of MCNP to astrochemistry 
and hazardous material analysis [42].  
2.5.1 Astrochemistry 
The use of ionizing radiation to detect, categorize, and image the composition of various 
materials is a well-developed field of study [43-50]. Research utilizing these methods in the 
context of extraterrestrial bodies is less developed, however, only several flown experiments exist. 
Experiments aboard Apollo 15 and 16 utilized low energy solar X-rays and X-ray fluorescence 
(XRF) [51]. C1XS, or the Chandrayaan-1 X-ray Spectrometer, flown by the Indian Space Agency, 
utilizes the same solar X-rays to generate characteristic emission lines which are detected in orbit 
[52]. This capability was coupled with an impactor to disturb deeper layers of the lunar regolith 
for analysis. A second instrument titled CLASS, or Chandrayaan 2 Large Area Soft X-ray 
Spectrometer, is planned with enhanced capabilities to better understand the composition of the 
moon. Solar X-rays are unable to penetrate deeply into the regolith, limiting analysis of the 
returned spectra to surface composition. In addition to relying on radiations of cosmic origin, use 
of pulsed 14.1-MeV DT neutrons has been investigated in lieu of cosmic radiation. By 
incorporating an a priori source pulse, a pulsed DT system can temporarily correlate incoming 
spectra with known source activity [53].  
The DAN system utilized a single mode neutron module measuring differences in epithermal 
neutron flux. Differences of roughly one order of magnitude exist in spectral returns, which are 
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correlated with water concentrations beneath the Martian surface. DAN emits 1 - 2 microsecond 
pulses of roughly 107 neutrons at 14.1 MeV and distinguishes between homogeneous and layered 
water concentrations via different die-away curves [54].  
2.5.2 Detection of Hazardous Material  
Previous literature on the detection of hazardous materials via active neutron sensing is largely 
focused on special nuclear materials. Most of these approaches rely on the fissioning of nuclear 
materials when bombarded by neutrons. These reactions release neutrons. Methods involving the 
active neutron assay for isotopic analysis of non-fissionable isotopes are not as developed for many 
potential applications. Much of the existing literature focuses on characterizing certain explosives. 
Discriminating features of explosives include the total nitrogen content and nitrogen density of the 
sample, the oxygen density of the sample, and the ratios between the elements H, C, N, and O. 
One additional consideration is the amount of trace metals contained within the sample [55].  
Examples of neutron-based systems include the Pulsed ELemental Analysis with Neutrons 
(PELAN) and the Idaho National Laboratory’s Explosive Detection System [56]. Two neutron 
generators and sodium iodide detectors are placed on opposite sides of a portal. Each pulsed source 
irradiates the target in question [57]. Other research incorporates a pulsed DT source and a dual-
mode detector with PSD for use in military applications both above and below the water [58, 59]. 
Systems like NELIS (Neutron ELemental Inspection System) have been developed for the 
identification of illicit drugs [60]. Computationally complex methods to discriminate between 
explosives and benign hydrocarbons like food, fertilizer, and other biological materials are under 
investigation. Machine learning has been at the forefront of this effort. Pulsed fast thermal neutron 
activation (PFTNA) and neutron tomography combined with machine learning has led to reliable 
detection explosives with up to 97% efficiency [61].  
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CHAPTER 3 - METHODOLOGY 
3.1 Methodology 
Because of the simulated methods of examination, a straightforward method of analysis was 
applied. Through all applications of the Deuterium-Tritium neutron source detector system, we 
follow a similar procedure: examine the cross sections of the desired target material(s) in question. 
The (n,𝛾) and (n,n′𝛾) cross sections from the Evaluated Nuclear Data File, ENDF, provide 
necessary information for further analysis. Each target material is then introduced to the 
experimental setup in various quantities. A pure target material is introduced to the experiment as 
a baseline check. A control, or a background composition, without any target material is also 
simulated. Different concentrations of the material can then be introduced to the system, while 
corresponding differences in both gamma and neutron spectra can be observed. Mass calibration 
curves can be built from the responses, or from ratios of thermal, epithermal, and fast neutrons.  
3.2 Active Assay Systems and Modeling 
A typical active assay system consists of the following modules: a radiation source, a detector 
with integrated electronics, detector shielding, and optionally, a moderator or moderators between 
the source and the detector to control the energy of the assaying neutrons. Shielding limits the 
exposure of the detector to the source neutrons. This reduces the signal to noise ratio (SNR) and 
improves detector lifespan. Neutron tailoring is specific to the sample(s) being interrogated. The 
signal, in the form of gamma rays of specific energy, can be maximized by matching interrogating 
neutron energies to the energies of the target’s highest cross sections. The source of these neutrons 
is a small DD or DT fusion neutron source. These typically contain an ion accelerator, and a 
hydride target. Ions are accelerated into the target, where they fuse with the deuterium or tritium 





Table 1 - Thermal Neutron Capture Prompt Gamma Emissions from Isotopes of Interest. 
Isotope E𝛾 (keV) I𝛾 Cross Section (b) 
1H 2223 100 0.329 
10B 6759 39.5 0.103 
10B 7005 47.85 0.103 
14N 2520 6.78 0.078 
14N 3677 15.68 0.078 
14N 4508 15.78 0.078 
14N 5269 29.73 0.078 
14N 5297 21.02 0.078 
14N 5533 18.48 0.078 
14N 5562 10.0 0.078 
14N 10829 14.12 0.078 
16O 2184 82 0.00027 
27Al 7693 4.15 0.231 
27Al 7724 27.43 0.231 
28Si 3539 68.0 0.16 
31P 6785 12.98 0.18 
35Cl 7413 10.42 33.2 
54Fe 9297 4.15 2.55 
56Fe 7631 28.51 2.55 
208Pb 1567 100 0.23 
 
 
The MCNP model contains an isotropic, pulsed point source of DT neutrons. The pulsed source 
was employed to distinguish between prompt and delayed reactions and capture neutron time of 
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flight data (NTOF). NTOF data could also be examined after the pulse to discriminate between 
homogeneous and layered extraterrestrial resources of interest (ERI). Several tallies were used in 
tandem with the pulsed source to best analyze the results. F4, or flux tallies were the primary tally 
of choice. This tally averages the flux over the cell of interest and normalizes it with respect to a 
single source particle, in this case, a neutron. [63]. F4 tallies were used to compute spectra as 
functions of both energy and time. In addition, F6 and F8 tallies were used for the validation studies 
carried out with simulated CLYC detectors. All studied cases used 108 simulated particles, except 
for the CLYC detector cases. These were limited to 107 particles for computational speed.  
 
Table 2 – Inelastic Neutron Scattering Prompt Gamma Emissions from Isotopes of Interest. 












An important aspect of the active assay is the fingerprint, or the characteristic energy of the 
returning gamma rays. Thermal neutron capture prompt gamma emissions are listed in Table 1. 
Isotopes with small cross sections or tiny atom fractions are ignored. Prompt gamma rays emitted 
in the inelastic neutron scattering events are listed in Table 2. Variations in gamma response of the 
astrochemical models is expected to be due to thermal neutron reactions. Similar effects are 
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expected from security models.  
3.3 Shielding Analysis  
Active assay systems require shielding to mitigate direct ‘hits’ of a detector by the source 
radiations. This shielding lessens neutron damage to the detector and improves SNR. A high SNR 
is crucial when detecting small concentrations of elements. In addition to detector considerations, 
physical constraints on the system must be evaluated. Weight and radiation flux in the target 
materials is dependent on the shielding length. To optimize the weight and the source-target flux, 
a shielding configuration that swept out a solid angle from the point source was chosen, see Fig. 
3. In this configuration, the green truncated pyramid consists of a lead, while the cyan pyramid 





Figure 3: Detector-Shielding Configuration with a Highlighted Point Source.  
 
 
By varying the amount and composition of shielding present, we search for an optimal 
shielding configuration. Table 3 shows the particle fluxes associated with the various testing 
geometries. Each flux was calculated using an F4 tally, which examines fluence averaged over the 
cell in question. In this instance, we examine the flux over the detector cell, a cube shown in Fig. 
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3. By normalizing the flux with respect to the solid angle, the effect of the inverse square law can 
be removed to better understand how the shielding behaves. One unpredictable result is the 
increasing normalized gamma flux in the longest shielding configurations. This is due to increased 
thermal neutron capture cross sections at lower neutron energies. Because gamma rays are largely 
produced in the shielding, normalization by a solid angle demonstrates the multivariate 
relationship between shielding length and cross section.  
 













30 5 4.924×10-4 4.493×10-4 1.860×10-7 1.695×10-6 
30 10 3.490×10-5 2.496×10-4 1.008×10-7 7.209×10-7 
30 15 3.075×10-5 1.458×10-4 7.015×10-8 3.327×10-7 
40 5 3.545×10-5 1.866×10-4 8.088×10-8 4.258×10-7 
40 10 3.088×10-5 1.171×10-4 5.707×10-8 2.164×10-7 
40 15 2.995×10-5 8.244×10-5 4.575×10-8 1.259×10-7 
50 5 3.219×10-5 9.808×10-5 4.917×10-8 1.498×10-7 
50 10 3.109×10-5 7.597×10-5 3.991×10-8 9.751×10-8 
50 15 3.104×10-5 6.688×10-5 3.395×10-8 7.314×10-8 
 
 
The difference between 10 cm and 15 cm of lead is largely negligible, especially when used in 
tandem with large moderator geometries. As expected, the amount of polyethylene used has a 
significant impact on both the normalized and net neutron fluxes, with a twofold reduction in flux 
in the normalized case. These data indicate that an optimal configuration maximizes the length of 
the polyethylene while using 10 cm of lead.  
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3.4 Astrochemical Applications 
In-situ resources are vital to potential colonies and long-term space habitats. As humanity 
transitions towards commercialization and eventual colonization of space, in situ extraction 
systems have become more predominant in modern research. In a recent press release, NASA 
emphasized the development of autonomous systems for resource prospecting and sample return. 
With these goals in mind, a series of computational experiments were devised to determine the 
feasibility of a fast-neutron assay system for the detection of ERIs. These resources include 
hydrogen and oxygen.  
Both the surfaces of Mars and the Moon were studied as potential targets for future human 
exploration. Surface compositions were modeled using existing literature on chemical composition 
of both Lunar and Martian regoliths [64, 65]. Water was modeled in both layered and 
homogeneous geometries. The layers are exactly 10 cm thick and contain pure water ice. The 
second approach utilizes a homogeneously distributed concentration of water. Models were 
simplified to remove additional sources of secondary radiation. Polyethylene shielding was 
minimized to lessen the weight. Outgassing and other issues associated with vacuum exposure 
were neglected. A homogeneous model used for regolith examination is shown in Fig. 4.  
A layered model is shown in Fig 5. For each model, several concentrations, or layer depths, of 
water were studied. Gamma and neutron spectra were computed. Neutrons in the thermal and 
epithermal regions were of particular interest. Drawing on the DAN experiment, a time series of 







Figure 4: Three-Dimensional Rendering of the Homogeneous Regolith Model. 
 
  
Figure 5: Three-Dimensional Rendering of the Layered Regolith Model.  
 
 
This analysis method allows the determination of mass calibration curves. For energy spectra 
in the epithermal range, a ratio of 3 values were chosen for the following reasons: computational 
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complexity, simulation runtime, and ability to accurately describe results. The resulting ratio 
vector was computed using Equations (5 - 7). The energy ranges of each ratio are described in 



























= 𝑅23,13        (5 - 7) 
𝑅12  =  [0.1,1] keV     𝑅23  =  [1,10] keV   𝑅13  =  [0.1,10] keV           (8 - 10) 
In addition to the ratio vector calculation, a die-off calculation was performed on neutron die-
off curves. The largest differences in neutron persistence were thought to exist in the epithermal 
neutron range, so 4 distinct energy ranges were chosen for study. The ranges were 0 to 0.1 keV, 
0.1 to 100 keV, 0.1 to 2 MeV, and 2 to 14 MeV. The two high-energy ranges were designed to 
capture the pulsed nature of the source. The lower energy ranges were designed to capture the 
behavior of the neutrons with distinct concentrations of moderator present. A similar quantitative 
analysis was performed here, focused primarily on the die-off profile. However, given 
computational restraints, a full profile of neutron die-off curves was not created. For this reason, 




𝑓(𝑡)𝑑𝑡 = 𝑁                                                       (11) 
3.5 Security Applications 
A similar approach was chosen to study the spectral differences between benign and hazardous 
materials. Material cards from literature were used [66]. The standard 55-gallon drum is the object 
of study in this case due to its ubiquitous use in the maritime and shipping environment. A sub-
compartment was modeled inside each drum to represent potential concealment of hazardous 
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materials hidden within nonhazardous materials. A homogenous distribution of hazardous 
materials within the drums was examined. Figs. 6 and 7 illustrate the 55-gallon drum and the 
compartment hidden within it. Complexities in geometry were neglected. 
 
 










CHAPTER 4 – ASTROCHEMICAL APPLICATIONS OF DT NEUTRON ASSAY 
4.1 Lunar Astrochemistry: Homogeneous Regolith 
The initial model focused on a varying homogeneous distribution of H2O. All percentages are 
represented as atom fractions. At a first glance, Fig. 8, we expect gamma peaks at 2.2 and 6.6 MeV 
that represent the concentration of hydrogen and oxygen within the sample. However, 
extraterrestrial regoliths rich in oxides diminish the visibility of the water’s oxygen, and the 
hydrogen peak was not the best predictor of water concentrations. We do observe peaks between 
7.6 and 7.7 MeV and between 9.3 and 9.4 MeV in Figs. 9 and 10. The 7.7 MeV peak represents 
27Al, with a thermal neutron capture cross section of 0.231 barns and emissions at both 7.893 and 
7.724 MeV. 56Fe contributes with thermal neutron capture lines at both 7631 and 7645 MeV, but 
a much smaller cross section of 2.59 barns. The peak at 9.297 MeV corresponds to 54Fe, with a 
matching cross section.  
 





Figure 9: Lunar Homogeneous Gamma Spectra From 7.3 to 8.1 MeV. 
 
 





The moderating effects of water can be clearly observed in Figs. 11 and 12. The peak at 7.7 
MeV is the result of delayed interaction between moderated neutrons and 27Al. There is a clear 
difference between a control, or un-watered regolith, and regolith with 30 percent water by atom 
fraction. A simple method for identification of water can be obtained by integrating the counts 
over each time window. This is neglected in favor of neutron-based methods. H2O identifiers 
present in the ideal models also present themselves in the CLYC detector model, Figs. 13 and 14, 
albeit with predictably lower SNRs. However, thermal neutron peaks at 2.2 and 7.7 MeV are still 
prominent. When water concentration increases, the amount of delayed gamma emission increases. 








Figure 12: Time Separated Lunar Homogeneous Gamma Spectra, 30% Water Concentration. 
 
 





Figure 14: Time Separated Lunar Homogeneous Gamma Spectra, 30% H2O, CLYC Detector. 
 
Neutron analysis was also performed. We expect that behaviors evident in the gamma spectrum 
will be reflected in the neutron spectra due to inherent physical dependency on the neutron flux. 
Fig 15. shows a portion of the epithermal neutron range. The amount of low energy neutrons 
increases as a function of moderator concentration, as expected. Plotting the ratio vector values, 
Fig. 16, a quasi-linear relationship between water concentration and R12,23 emerges. Additionally, 
R23,13 and R13,13 exhibit expected asymptotic behavior as water presence increases. We also expect 
moderator presence to be evident in the neutron die-off curves. That is to say, the die-off curves 
of the thermal and epithermal neutrons change as a function of the concentration of low Z elements 




Figure 15: Lunar Epithermal Neutron Fluence Vs. Energy, All H2O Concentrations. 
 
 




Figs. 17 and 18 clearly demonstrate the difference in the die-off time and curve shape among 
the various water concentrations. As expected, low-energy neutron flux increases with the water 
concentration, while epithermal neutron flux decreases with the water concentration present. A 
post pulse integral of the neutron counts can be seen in Table. 4. A combination of neutron die-off 
time, thermal neutron flux, and energetic gamma peaks all indicate the presence of H2O.  
 
Table 4 - Lunar Homogeneous Post Pulse Neutron Decay Count Totals. 
Water Concentration 0-0.0001 MeV  0.0001-0.1 Mev 
6% H2O (atom fraction) 3.526*10-7 N/cm2 1.4418*10-7 N/cm2 










Figure 18: Lunar Homogeneous Energy Segmented Neutron Die-Off Curve, 30% H2O. 
 
 
4.2 Lunar Astrochemistry: Layered Regolith 
The primary difference between the layered and homogeneous models is geometry. Regolith 
composition stays constant, except for the added water. Thus, we expect similar results between 
the two. The most evident differentiator in the gamma spectrum is located at 7.7 MeV, 27Al, with 
a second reaction occurring between 9.3 and 9.4 MeV, 54Fe, see Figs 19 and 20. Figs. 21 and 22 
illustrate the same dependence of the 7.7 MeV peak on thermalized neutrons. The water layers at 
significant depth serve as neutron sinks, actively trapping thermal neutrons. This results in lower 
thermal neutron counts compared to the base regolith. Neutrons moderated at these depths no 
longer possess enough energy to return to the detector. This provides a potential avenue for the 
detection of water buried more deeply within the regolith. Decreased neutron counts in the low 
energy ranges can be attributed to asymmetric moderator concentrations below the surface, see 




Figure 19: Lunar Layered Gamma Spectra, Full Energy Range. 
 
 




Figure 21: Time Separated Lunar Layered Gamma Spectra, 10 cm Depth. 
 
 




Figure 23: Lunar Epithermal Neutron Fluence vs. Energy, Varied Layer Depth.  
 
 






The ratio vector plot demonstrates quasi-linear behavior between 20 and 40 centimeters of 
depth. However, a shallow water layer is unlikely to fully moderate source neutrons, resulting in 
a smaller increase in moderated neutrons between the 10 cm and the deeper 20 cm layer. The 50 
cm layer acts as a trap, reducing thermal neutron returns.  
Distinguishing between layered water sources and homogeneously distributed sources proves 
to be more difficult. However, an approach combining both gamma spectra and neutron die-off 
curves shown in Figs. 25 and 26 can be applied to deconvolute the two. The gamma response is 
largely dependent on the presence of moderator anywhere within the path of the neutrons. In both 
models, a proportional response is observed at 7.7 MeV. However, the largest discriminators 
between the layered and homogeneous models exist in the returns of two low energy neutron 
groups, Table. 5. Layered geometry is evident in the timing of low energy neutron returns. In the 
case of high apparent water concentrations, 30%, -10cm, we observe a delay of 104 shakes between 
the layered model and the homogenous model. This difference is exaggerated for low apparent 
concentrations (6%, -50 cm). As the layer depth increases, the first thermal neutron returns occur 
520 shakes later with respect to the homogeneous model. 
 
Table 5 - Lunar Layered Post Pulse Neutron Decay Count Total. 
Water Depth 0-0.0001 MeV  0.0001-0.1 Mev 
-10 cm H2O Layer 4.4462*10-7 N/cm2 1.729*10-8 N/cm2 














Coupling the thermal neutron time of flight delay, integrated post pulse counts, curve shape 
analysis, and gamma spectral response provides a framework for a fully automated system, capable 
of determining water concentration and basic geometry on surfaces of extraterrestrial bodies.  
4.3 Martian Astrochemistry: Homogeneous Regolith 
Differences between Lunar and Martian regoliths reside in the isotopic compositions of the 
two surfaces in question. These differences manifest in our model via the trace concentrations of 
titanium, manganese, potassium, phosphorus, chlorine, and sulfur. However, all these elements 
appear in low concentrations, at or far below 1% atom fraction.  
An identical approach was used when examining the model of the Martian surface. The first 
model consists of a homogeneous mixture of regolith and water. A similar full range gamma 
spectrum is presented in Fig. 27. An immediate difference is the appearance of one peak between 
7.4 and 7.5 MeV, in addition to the previously observed peak 27Al peak at 7.7 MeV. The second 
peak is most likely the result of the 35Cl thermal neutron capture reaction at 7.414 MeV, with a 
cross section of 33.2 barns, shown in Fig. 28. We also notice the disappearance of the peak at 9.3 
MeV in Fig. 29. Although it is visible, it effectively resides in the noise floor and is no longer 
particularly attractive for analysis. These results are reflected in the time separated spectra. Again, 
we observe the dependence of peaks of interest on neutron moderation. As expected, these peaks 
emerge at later times with moderated lower energy neutrons, see Figs. 30 and 31. Modeled CLYC 
gamma spectra still present H2O identifiers, see Figs. 32 and 33. The peaks at 2.2 and 7.7 MeV are 



























Figure 31: Time Separated Martian Homogeneous Gamma Spectra, 30% Water Concentration. 
 
 




Figure 33: Time Separated Martian Homogeneous Gamma Spectra, 30% H2O, CLYC Detector. 
 
 
Similar to the Lunar model, neutrons turn out to be the best method for the detection and 
characterization of water concentration within the Martian regolith. Only slight differences in 
spectral shape and neutron counts differentiate Martian and Lunar results in Fig. 34. As expected, 
higher moderator concentrations result in higher thermal neutron counts. A quasi-linear 
relationship between water concentration and R12,23 emerges in Fig. 35. Similar asymptotic 
behavior emerges between R23,13 and R13,13.  Interestingly, a slight upward concavity stands in 
contrast with Lunar results. Slight differences in scattering and capture cross sections in addition 














Similar post pulse decay curves characterize both Martian and Lunar homogeneous cases, with 
only minor differences in total counts observed, shown in Table 6 and Figs. 36 and 37. A similar 
inverse relationship between post-pulse thermal and epithermal neutrons illustrates moderator 
presence. Epithermal neutron counts fall as the amount of moderator increases. A similar, albeit 
smaller increase in thermal neutrons are seen as the amount of moderator increases. These three 
metrics all indicate the existence of water within the regolith. 
 
 
Table 6 - Martian Homogeneous Post Pulse Neutron Decay Count Totals. 
Water Concentration 0-0.0001 MeV  0.0001-0.1 Mev 
6% H2O (atom fraction) 3.4738*10-7 N/cm2 1.2814*10-7 N/cm2 
30% H2O (atom fraction) 4.596*10-7 N/cm2 4.342*10-8 N/cm2 
 
 




Figure 37:  Martian Homogeneous Energy Segmented Neutron Die-Off Curve, 30% H2O. 
 
 
4.4 Martian Astrochemistry: Layered Regolith 
The final portion of astrochemical analysis utilizes the layered model. Regolith concentrations 
and latent materials do not change between models, other than the concentration of water and its 
geometry. We see apparent peaks at 7.5 and 7.7 MeV, due to 35Cl and 27Al, respectively, see Figs. 
38 and 39. The 54Fe peak at 9.3 is less pronounced. A similar dependence on thermalized neutrons 
at both peaks, 7.5 and 7.7 MeV is observed in Figs. 40 and 41. Deeper layers of water serve as 
neutron sinks, as observed in the lunar regolith, see Fig. 42. Neutrons moderated at these depths 




Figure 38:   Martian Layered Gamma Spectra, Full Energy Range. 
 
 





Figure 40:  Time Separated Martian Layered Gamma Spectra, 10 cm Depth. 
 
 





Figure 42: Martian Epithermal Neutron Fluence vs. Energy, Varied Layer Depth. 
 
 
Table 7 - Martian Layered Post Pulse Neutron Decay Count Totals. 
Water Concentration 0-0.0001 MeV  0.0001-0.1 Mev 
-10 cm H2O Layer 4.2722*10-7 N/cm2 7.8721*10-8 N/cm2 
-50 cm H2O Layer 1.0575*10-7 N/cm2 1.7825*10-7 N/cm2 
 
Slight differences in the ratio vector values manifest in Fig. 43. An inversion of R12,13 and R23,13 
occurs at a raised depth of 32 cm. This suggests that the epithermal neutron returns dominate at 
shallower water layer depths in Martian regolith, due to the decreased presence of low Z materials. 
Thermal neutron die-off curves inform the determination of water layer depth, see Figs. 44 and 45. 
A shallow water layer results in a faster thermal response, and a faster epithermal die off. A deeper 





Figure 43: Martian Ratio Vector Values vs. Layered Water Concentration. 
 
 
Distinguishing between layered and homogeneously distributed water relies on the same 
approach as discussed above: a combination of time-separated gamma spectra, ratio vector values, 
and neutron die-off curves. A time delay is observed between homogeneous concentrations and a 
layer of water ice. For high apparent water concentrations (30%, -10cm), a delay of 154 shakes is 
observed, for low apparent water concentrations, (6%, -50 cm), a difference of 255 shakes is 
observed between first measured counts. This difference increases drastically, if the first 
statistically insignificant returns are ignored in Fig. 40. Integrated post pulse neutron totals are 
shown in Table. 6. Additional analysis considerations would enable autonomous determinations 






Figure 44: Martian Layered Energy Segmented Neutron Die-Off Curve, -50 cm Depth. 
 
 
Figure 45: Martian Layered Energy Segmented Neutron Die-Off Curve, -10 cm Depth. 
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CHAPTER 5 - SECURITY APPLICATIONS OF DT NEUTRON ASSAY 
5.1 Homogeneous Compositions 
Initial testing began with homogeneous, unshielded compositions of the samples in question. 
Given the choice of oil drums as containers of interest, initial testing compared an empty drum to 
an oil-filled drum. The gamma spectra are shown in Fig 46. The most evident differences between 
the two occur at 2.2 and 4.4 MeV. The peak at 2.2 MeV corresponds to thermal neutron capture 
by 1H, 2.223 MeV, with a cross section of 0.329 and 16O, 2.184 MeV, with a cross section of 
0.00027 b. The 4.4 MeV emission is due to inelastic neutron scattering on 14C. Similarities in 
remaining peaks can be attributed to the boron neutron shield, and the concrete background of 31P 
and 56Fe. The neutron spectra reflect the presence of a low Z compound, crude oil, in its higher 
concentration of low energy neutrons, see Fig 47.  
 
 




Figure 47: Oil and TNT Neutron Spectra, Full Energy Range. 
 
 




Figure 49: Oil and TNT Gamma Spectra, Full Energy Range. 
 
 
Both RDX and TNT have several recognizable features in the gamma spectrum, see Figs. 48 
and 49. Time separation proved vital in distinguishing between the products of inelastic scattering 
and thermal neutron capture, as shown in Figs. 50 and 51. The thermal neutron capture related 
peak at 2.2 MeV is significantly smaller due to reduced H presence in explosives. Small variations 
in 14C concentrations correspond to the inelastic neutron scattering 4.4 MeV gamma emission. 
Large variations in 14N lead to a large peak in both explosives at 10.8 MeV. This is attributed to 
14N thermal neutron capture, with a cross section of 80.1±0.6 b, shown in Fig. 51. These results 





Figure 50: Time Separated Oil Gamma Spectra. 
 
 





Figure 52: Time Separated Oil Gamma Spectra, CLYC Model. 
 
 




Figure 54:  Energy Segmented Oil Neutron Die-Off Curve. 
 
 




Finally, two neutron die-off curves were computed to determine if they contained any 
meaningful results, see Figs. 54 and 55. The only distinguishable difference is the slightly higher 
quantity of high-energy neutrons in the explosive model during the pulse. Because of the small 
nature of the difference, 10%, this finding is unlikely to be useful for analysis in real world 
applications.  
5.2 Shielded Compositions 
Applying these techniques to analysis of concealed explosives proved difficult. The spectral 
returns concealed hazardous materials masked by oil and damped the characteristic emission lines 
of the hazardous materials in question extremely effectively, except for the 10.8 and 2.2 MeV 
thermal neutron capture induced gamma peaks. These are the only two distinguishing features 
between the various mixtures. It is likely that an oil drum with a polymer sub-container housing 
the hazardous materials would be nearly indistinguishable from a standard drum. Effective 
concealment of explosives would involve a housing of similar chemical composition and density 
to the oil, and a maximum quantity of ~5 percent explosive volume per drum based on these 
findings. Buoyancy and shielding symmetry would be other important considerations. The 
difficulty of such a task is nontrivial. The subtle differences can be viewed in Figs. 56 - 61. Neutron 
analysis of the previous, unshielded samples suggests neutron spectra of shielded samples would 
prove ineffective as metrics to distinguish between shielded hazardous and nonhazardous 
materials. All percentages presented below are volumetric. Mass and atom fractions vary due to 




Figure 56: Oil and RDX Mixture Gamma Spectra, Full Energy Range. 
 
 




Figure 58: Time Separated 5% RDX Mixture Gamma Spectra. 
 
 




Figure 60: Time Separated 50% TNT Mixture Gamma Spectra. 
 
 




CHAPTER 6 – CONCLUSIONS & FUTURE WORK 
6.1 Conclusions 
The objectives of this work were met. A series of models approximating real world applications 
of a DT neutron active assay system coupled with a dual-mode CLYC detector were created. These 
included homogeneous and layered water deposits within extraterrestrial regoliths, and a security 
related model replicating a 55-gallon drum filled with varied materials. In situ assay of Martian 
and Lunar regoliths was modeled. Characterizable differences in resulting spectra were identified 
and provided the resolution necessary to distinguish between differing water concentrations in 
regoliths, at different depths. Clear differences between watered and unwatered regoliths were 
shown, primarily due to variations in thermal neutron flux. A model of replicating a potential 
security system was created. Assay of explosives and oil within oil drums was modeled. 
Differences in gamma spectra at peaks characteristic of N, C, O, and H were observed. Potential 
shielding of materials using oil was also examined. Volumetric determinations about the total 
detectable explosive mass were made. Detection of concealed hazardous materials was considered 
and discussed. Several methods of complex analysis were suggested as means to produce a fully 
automated system. Said astrochemical systems would be capable of characterization of water 
concentrations and apparent depths, with the ability to distinguish between basic geometries. 
Security systems would be able to characterize differences in explosives through known H, C, N, 
and O ratios.  
6.2 Future Work 
Given the broad nature of this work, many parameters of this study could be the subject of 
additional research. Focus on neutron tailoring could make a significant impact on detection of 
specific ERIs. Coupling neutron tailoring with the weight and size constraints of spaceflight would 
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pose an optimization problem with stringent requirements. Neutron tailoring would likely be of 
greater benefit to security applications. Subtle differences between hazardous and benign material 
could be better visualized with an approach that involved targeted thermal neutron interactions.   
Additional study focused on the width, location, and number of time and energy windows 
could better resolve minor differences in spectra. Optimizing these parameters would increase 
SNR across any detector platform. Additionally, other gamma and neutron detectors (including 
dual-mode detectors) could be modeled and compared to the CLYC detector. If desired, lower 
energy, DD neutrons, could potentially reduce the tailoring considerations for security and 
astrochemistry, however, with reduced penetrative capabilities.  
Additional study of small containers of explosive material contained in hydrocarbon polymers 
could be useful to determine the exact volumetric thresholds for detection. A polymer sub-
container with spacers, designed to keep hazardous materials centered in shielding, could be 
investigated.  
Future work could also be focused on the analysis of these data. Stochastic codes present a 
unique opportunity to generate a vast amount of randomized data. Conventional Fourier analysis, 
curve fitting, and template fitting all provide unique metrics for better autonomous function. In 
addition to conventional methods, a program capable of automatically creating, modifying, and 
running thousands of slightly varied MCNP input files could generate the required outputs for 
training a neural network. Finally, experimental validation of this work would be beneficial for 






Appendix A: Matlab Code 
MCNP Output Reading 
% A Short script designed to read the output of mcnp files and produce 
% pretty stuff 
%  
 
%% SET UP (NumTallies is the number of outputs you will get!!) 
clear all 
close all  
clc 
flag = false; 
timeflag = false; 
numTallies = 2; % Number of Tallies you are looking for 
 
%Do you want to cut off some of the compton x rays? (This trims the first n  
% bins) 
startDataG = 10; 
endDataG = 202; 
startDataN = 2; 
endDataN = 202; 
 
numDataSets = 1; %  The number of datasets to be used 
multiPlotTitle = 'Al Test'; 
multiPlotLegend = {'1','2'}; 
 
timeSegment = 10; % The number of time segments in the data 
timeWindows = {'0-10us', '10-100us', '100us-1000us', '1000us-10000us',}; 
 
% Multiplot Configuration 
 
 
%% Determine whether each file is time segmented 
for j = 1:numDataSets 
    fName = uigetfile('*.txt'); 
    InputText = fileread(fName); 
 
% We are looking for the data blocks 
    searchBeg = '[^\n]*cell  10[^\n]*'; 
    searchEnd = '[^\n]*total[^\n]*'; 
    [startIndOne, endIndOne] = regexp(InputText,searchBeg); 
    [startIndTwo, endIndTwo] = regexp(InputText,searchEnd); 
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    for i = 1:length(startIndOne) 
        dataInd = startIndTwo(startIndTwo > startIndOne(i)) 
        if dataInd(1) - startIndOne(1) < 250 % Are there two "totals"? (if so skip the first one) 
            dataInd = startIndTwo(startIndTwo > startIndOne(i)+250) 
            flag = true; 
        end 
        dataEnd(i) = dataInd(1) 
    end 
 
    dataOne = str2num(InputText(endIndOne(1,1)+15:dataEnd(1,1))); 
    dataTwo = str2num(InputText(endIndOne(1,2)+15:dataEnd(1,2))); 
 
    %% If Segmented, re-search the data and truncate the non numerical data 
    if flag == true || timeflag == true 
        searchBeg = '[^\n]*energy[^\n]*'; 
        searchEnd = '[^\n]*total[^\n]*'; 
        [startIndOne, endIndOne] = regexp(InputText,searchBeg); 
        [startIndTwo, endIndTwo] = regexp(InputText,searchEnd); 
 
        % Remove the last references to energy and total, and remove the 
        % initial ones as well 
        startIndOne = startIndOne(1,end-numTallies:end-1); 
        endIndOne = endIndOne(1,end-numTallies:end-1);  
        for i = 1:length(startIndOne) 
            dataInd = startIndTwo(startIndTwo > startIndOne(i)); 
            dataEnd(i) = dataInd(1); 
        end 
        if timeflag == true 
            dataOne = str2num(InputText(endIndOne(1,1)+15:dataEnd(1,1))); 
            dataTwo = str2num(InputText(endIndOne(1,2)+15:dataEnd(1,2))); 
        else 
            dataOne = str2num(InputText(endIndOne(1,1):dataEnd(1,1))); 
            dataTwo = str2num(InputText(endIndOne(1,2):dataEnd(1,2))); 
        end 
    end 
 
    NormDataOne = dataOne(:,end-1)*(1/sum(dataOne(:,end-1))); 
    NormDataTwo = dataTwo(:,end-1)*(1/sum(dataTwo(:,end-1))); 
 
    signalNeutrons(:,:,j) = dataOne; 
    signalGamma(:,:,j) = dataTwo; 
end 
%% Titles for the graphs (you may wish to change this) 
tName = erase(multiPlotTitle,'_'); 
titleOne = strcat(' Neutron Spectrum', tName); 




save(tName, 'signalGamma', 'signalNeutrons'); 
 
%% Neutron Time Seperated Spectrum 
m = 2; 
while m <= (timeSegment-2) 
    figure(11); 
    plot(signalNeutrons(startDataN:endDataN,1,j), 
signalNeutrons(startDataN:endDataN,m,j),'LineWidth', 2 ) 
    hold on 
    m = m+2; 
end 
set(gcf, 'Position',[10 10 900 600]); 
set(gca, 'Yscale','log') 
tl = title(strcat('Time Seperated ', multiPlotTitle,', Neutrons')); 
set(tl, 'FontSize', 18'); 
xl = xlabel('Energy (Mev)'); 
set(xl, 'FontSize', 16'); 
yl = ylabel('Per Particle Fluence (N/cm^2)'); 
set(yl, 'FontSize', 16'); 
ll = legend(timeWindows, 'location', 'southwest'); 
set(ll, 'FontSize', 12'); 
saveas(gcf,strcat(titleOne, 'Time Sep Spectra.jpg')) 
hold off 
 
%% Gamma Time seperated Spectrum 
m = 2; 
while m <= (timeSegment-2) 
    figure(10); 
    plot(signalGamma(startDataG:endDataG,1,j), signalGamma(startDataG:endDataG,m,j),'-
O','LineWidth', 2 ) 
    hold on 
    m = m+2; 
end 
set(gcf, 'Position',[10 10 900 600]); 
set(gca, 'Yscale','log') 
tl = title(strcat('Time Seperated ', multiPlotTitle,', Gammas')); 
set(tl, 'FontSize', 18'); 
xl = xlabel('Energy (Mev)'); 
set(xl, 'FontSize', 16'); 
yl = ylabel('Per Particle Fluence (N/cm^2)'); 
set(yl, 'FontSize', 16'); 
ll = legend(timeWindows, 'location', 'southwest'); 
set(ll, 'FontSize', 12'); 





%% Plot multiple Neutron Datasets together 
for j = 1:numDataSets 
    figure(9); 
    plot(signalNeutrons(startDataN:endDataN,1,j), signalNeutrons(startDataN:endDataN,end-
1,j),'LineWidth', 1) 
    hold on 
end 
tl = title(strcat(multiPlotTitle ,', Neutrons')); 
set(tl, 'FontSize', 18'); 
xl = xlabel('Energy (Mev)'); 
set(xl, 'FontSize', 16'); 
yl = ylabel('Per Particle Fluence (N/cm^2)'); 
set(yl, 'FontSize', 16'); 
ll = legend(multiPlotLegend); 
set(ll, 'FontSize', 12'); 





%% Plot multiple Gamma Datasets together 
for j = 1:numDataSets 
    figure(8); 
    plot(signalGamma(startDataG:endDataG,1,j), signalGamma(startDataG:endDataG,end-
1,j),'LineWidth', 1 ) 
    hold on 
end 
tl = title(strcat(multiPlotTitle ,', Gammas')); 
set(tl, 'FontSize', 18'); 
xl = xlabel('Energy (Mev)'); 
set(xl, 'FontSize', 16'); 
yl = ylabel('Per Particle Fluence (N/cm^2)'); 
set(yl, 'FontSize', 16'); 
ll = legend(multiPlotLegend); 
set(ll, 'FontSize', 12'); 





%% Total Plots 
figure('Renderer', 'painters', 'Position', [10 10 900 600]) 
errorbar(dataOne(startDataN:endDataN,1), dataOne(startDataN:endDataN,end-1),... 





ylabel('Per Particle Fluence (N/cm^2)') 
saveas(gcf,strcat(titleOne, 'Spectra.jpg')) 
 
figure('Renderer', 'painters', 'Position', [10 10 900 600]) 
errorbar(dataTwo(startDataG:endDataG,1), dataTwo(startDataG:endDataG,end-1),... 
    dataTwo(startDataG:endDataG,end).*dataTwo(startDataG:endDataG,end-1)) 
title(titleTwo) 
xlabel('Energy (MeV)') 






Ratio Vector Creation and Plotting  
%% Code designed to analyze spectral datasets retrieved by MATLAB and generated by 
MCNP 
clear all 
fID = uigetfile('*.mat'); 
spectralData = load(fID); 
gammaSig = spectralData.signalGamma 
neutronSig = spectralData.signalNeutrons 
 
labelXVar = [10,20,30,40,50] 
labelXString = 'Neutron Ratios At Given Water Layer Depths'  
labelYString = 'Ratio Values' 
labelLegend = {'R12,23', 'R12,13', 'R23,13'} 




%% Check Signal, (This is for personal use) 
numDatasets = size(neutronSig); 
 
if length(numDatasets) > 2 
    numDatasets = numDatasets(3); 
else    




for i = 1:numDatasets 
    plot(neutronSig(1:end,1,i),neutronSig(1:end,end-1,i)); 
end 




    thermalEpithermal(i) = neutronSig(1,end-1,i)/sum(neutronSig(2:end,end-1,i)); 
    thermalTotal(i) = neutronSig(1,end-1,i)/sum(neutronSig(1:end,end-1,i)); 
    epithermalTotal(i) =  sum(neutronSig(2:end,end-1,i))/sum(neutronSig(1:end,end-1,i)); 
end 
 
figure('Renderer', 'painters', 'Position', [10 10 900 600]) 
hold on 
plot(labelXVar, thermalEpithermal,'-O','LineWidth', 2 ); 
plot(labelXVar, thermalTotal, '-O', 'LineWidth', 2); 
plot(labelXVar, epithermalTotal, '-O', 'LineWidth', 2); 





tl = title(labelTitle); 
set(tl, 'FontSize', 18') 
xl = xlabel(labelXString); 
set(xl, 'FontSize', 16') 
yl = ylabel(labelYString); 
set(yl, 'FontSize', 16') 
ll = legend(labelLegend); 






Material Modification Code  
clear all 
 
fID = uigetfile('*.txt') 
inputText = fileread(fID); 
searchBeg = '[^\n]=========== Materials ============[^\n]*'; 
searchEnd = '[^\n]================= SOURCE TERM ==================[^\n]*'; 
matNumber = 2; 
 
 
%% Determine the last material present in the file 
while true 
 
    numMaterials = strcat('m', num2str(matNumber)); 
    [x1, x2] = regexp(inputText,numMaterials) 
    if isempty(x1) == true 
        lastMat = strcat('m', num2str(matNumber-1)); 
        break 
    else  
        matNumber = matNumber+1; 




prompt = {'Please enter the material you are looking for', ... 
    'Please enter the material(s) you want to add (ZAID)', ... 
    'Please enter the atom fraction(s) of this material'} 
[materialData] =  inputdlg(prompt,'OOH',1,{'m5','8016','0.3'}); 
material = materialData{1} 
 
% Find material of interest 
if material == lastMat 
    [x1,x2] = regexp(inputText, lastMat); 
    [x3,x4] = regexp(inputText, searchEnd); 
    data = inputText(x2:x3); 
else 
    nextMat = strcat('m',num2str(str2double(material(2))+1)); 
    [x1,x2] = regexp(inputText, material); 
    [x3,x4] = regexp(inputText, nextMat); 
    data = inputText(x2:x3); 
end 
 
% Use a variety of functions to remove non numerical data.  
 
matData = strsplit(data); 
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numData = cellfun(@(x) str2num(x),matData,'un',0); 
numData = cell2mat(numData); 
 
% Data should now alternate between decimals and non decimals (0,1,0,1,0) 
% containsDecimal = numData ~= round(numData); 
isZAID = numData >= 1000; 
isafterZAID = circshift(isZAID,1); 
boolData = logical(isZAID+isafterZAID); 
numData(~boolData) = []; 
 
 
ZAID  = numData(1:2:end); 
total = numData(2:2:end); 
zLength = length(ZAID) 
tLength = length(total); 
 
inputZAID = split(strsplit(materialData{2}),','); 
inputZAID = cellfun(@(x) str2double(x), inputZAID)'; 
 
inputAtomFraction = split(strsplit(materialData{3}),','); 






% Normalization process for new material 
if sum(ZAID==inputZAID) == 0 
    ZAID = [ZAID, inputZAID]; 
    total = [total,inputAtomFraction]; 
    overlapVector = (ZAID == inputZAID); 
    atomFraction = total; 
else 
    overlapVector = (ZAID == inputZAID); 
    atomFraction = total; 
    atomFraction(overlapVector) =  atomFraction(overlapVector)+ inputAtomFraction; 
end 
leftovers = 1-atomFraction(overlapVector); 
normalizedMaterial = atomFraction(~overlapVector); 
normalizedMaterial = leftovers/sum(normalizedMaterial).*normalizedMaterial; 
atomFraction(~overlapVector) = normalizedMaterial; 
updatedData = data 
 
  
for i = 1:length(ZAID) 
    [a,b] = regexp(updatedData,num2str(total(i))); 
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    updatedData = strrep(updatedData,num2str(total(i)),num2str(atomFraction(i))); 
    if i == length(ZAID) 
        lastVal = num2str(atomFraction(i-1)) 
    end 
end 
 if zLength < length(ZAID) 
    [s,e] = regexp(updatedData,lastVal); 
    updatedData = [updatedData(1:e(end)), newline, '      ', num2str(ZAID(i)), '.'... 
        '      ','      ',num2str(atomFraction(i)), newline ]; 
 end 
  
finalEdit = [inputText(1:x1),updatedData,inputText(x3-1:end)]; 
 










Appendix B: MCNP Example Cards 
Oil Model 
c Shielding Test for DT Neutron Assay - Oil Model 
c                                                                                
c Calder Lane 11/4/2019                                                                                                         
c shielded by various configurations                                             
c of polyethelyne, b-p, and Pb                                                   
c Environment: void                                                              
c Target: None                                                                   
c ============                                                                   
c cells                                                                          
c Detector cell - filled with void                                               
10001     0         -5 imp:n,p=1  $ void 
c  Shielding                                                                     
10002     1  -0.967 -4 imp:n,p=1  $ Borated Poly 
10003     2  -11.35 -3 imp:n,p=1 $ Pb 
c Source cage cell - filled with air                                             
10004     3 -0.001205 -2 imp:n,p=1 $ air at STP 
c Room filled with air                                                           
10005     3 -0.001205 -1 2 3 4 5 7  imp:n,p=1 $ air at STP 
c Void to terminate n-p histories                                                
10006     0         1 6  imp:n,p=0 $ void 
c Soil                                                                           
10007     5  -0.967 -6  imp:n,p=1 
c Oil Drum                                                                       
10008     10 -7.820 -7 8 imp:n,p=1 
c Sample                                                                         
10009     9 -0.97  -8 imp:n,p=1 
 
c Surfaces start                                                                 
c ============                                                                   
c   World                                                                        
    1       rpp -500 450 -100 44 -240 60  $  air 
c   Source cage                                                                  
    2        sz 42.809 0.1  $ Small sphere to house the source 
c   Shielding                                                                    
    3       arb 3.81 3.81 0 -3.81 3.81 0 -3.81 -3.81 0 3.81 -3.81 0 2.92 2.92 
                 10 -2.92 2.92 10 -2.92 -2.92 10 2.92 -2.92 10 1234 1256 1458 
                 3478 2367 5678 
    4       arb 2.92 2.92 10 -2.92 2.92 10 -2.92 -2.92 10 2.92 -2.92 10 0.25 
                 0.25 40 -0.25 0.25 40 -0.25 -0.25 40 0.25 -0.25 40 1234 1256 
                 1458 3478 2367 5678 
c   Detector cylinder                                                            
    5       rpp -3.81 3.81 -3.81 3.81 -7.62 0  $ detector horizontal cylinder 
c Ground                                                                       
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    6       rpp -3000 3000 -3000 3000  60 360 
c Oil Drum outer layer,                                                          
    7       rcc  -50 0 -28 0 0 88 30.5 
c Oil Drum Inner Layer,                                                          
    8       rcc  -50 0 -27.9 0 0 87.8 30.4 
 
c ============                                                                   
mode  n p 
c                                                                                
c ACT DN=BOTH DNBIas=10 FISSION=ALL                                              
c =========== Materials ============                                             
c --- Borated Poly (5% natural boron) ---                                        
m1    1001.           -0.1357  $MAT1 
      6012.           -0.8143 5010.           -0.0099 5011.           -0.0401  
c --- Pb                                                                         
m2    82000.                1  $MAT2 
c --- Air, dry, sea level ---                                                    
m3    6000.         -0.000124  $MAT3 
      7014.         -0.755268 8016.         -0.231781 18000.        -0.012827  
c --- Aluminum ---, Simulating Spacecraft                                         
m4    13027.               -1  $MAT4 
c --- Concrete ---, Ferro-phosphorus Density  = 4.80 
m5    1001. 0.158643  8016. 0.207881  12000. 0.002632  $MAT5 
      13027. 0.004741 14000. 0.038715 15031. 0.203403 
      20000. 0.033514 26000. 0.350471 
c --- RDX --- Explosive Density 1.816 @ stp 
m6   1001. 0.285714  6000. 0.142857  7014. 0.285714 
     8016. 0.285714 
c --- TNT --- Explosive Density 1.654 @ stp 
m7   1001. 0.238095  6000. 0.333333  7014. 0.142857 
     8016. 0.285714 
c --- VX ---  Chemical WMD Density 1.0083 @ stp 
m8   6000. 0.26105   1001. 0.61905  7014.  0.02381 
     8016. 0.04762   15031. 0.02381 16000. 0.02381 
c --- Oil, Crude --- Density 0.97 @ stp 
m9   1001. 0.588884  6000. 0.397730 7014. 0.001630 
     8016. 0.003924  16000. 0.007832 
c -- Carbon Steel --- Density 7.820 @ stp 
m10  6000. 0.022831  26000. 0.977169 
c -- Water -- Density 0.998 g/cc 
m11 1001 0.666657    8016 0.333343 
c ================= SOURCE TERM ==================                               
c                                                                                
sdef par=n erg=14.1 pos=0 0 42.809 cel=10004 tme=d1  $ energy=14.1 MeV isotropic 
c                                                                                
si1   0 1000         $ Square neutron pulse, duration: 0 - 10 microseconds       
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sp1  0 1                                                                         
c ================ TALLIES =======================                               
c                                                                                
c  Photon fluence (spectral distr) in the detector cell                          
f4:p 10001                                                                       
e4   0.01 200i  11.0             $ 200 energy bins from 0.01 MeV to 11.0 MeV     
t4   1000 10000 100000 1000000 $ time windows [0-10us] [10-100us] [100us-1000us] 
[1000us-10000us]         
fq4 e t                                                                          
c                                                                                
c  Neutron fluence (spectral distr) in the detector cell                         
f14:n 10001                                                                      
e14   0.01 200i  14.1   $ 200 energy bins from 0.01 MeV to 14.1 MeV              
t14   1000 10000 100000 1000000  $ time windows [0-10us] [10-100us] [100us-1000us] 
[1000us-10000us]       
fq14 e t                                                                         
c ================ PHYSICS =======================                               
phys:n j 20 2j    $ physics for neutrons                                         
phys:p  2j 0      $ physics for photons                                          
c                                                                                
c ======== CUTOFFS ===============================                               
cut:n    1000000.0 0.0 0 0 j     $ 10000 microseconds                            
cut:p    1000000.0 0.001 0 0 j   $ 10000 microseconds                            





  30% Water, Lunar Regolith, CLYC Detector 
c Shielding Test For DT Neutron Assay-Homogeneous Lunar 30% Model, CLYC 
c                                                                                
c Calder Lane 11/4/2019                                                          
c 3in Right Cylinder (1.5'rx3'h)                                                 
c shielded by various configurations                                             
c of polyethelyne, b-p, and Pb                                                   
c Environment: void                                                              
c Target: None                                                                   
c ============                                                                   
c cells                                                                          
c Detector cell - filled with void                                               
10001     6  -3.31  -5   imp:n,p,e,h,a,d=1  $ void 
c  Shielding                                                                     
10002     1  -0.967 -4   imp:n,p=1 imp:e,h,a,d=0   $ Borated Poly 
10003     2  -11.35 -3   imp:n,p=1 imp:e,h,a,d=0  $ Pb 
c Source cage cell - filled with air                                             
10004     3 -0.001205 -2 imp:n,p=1 imp:e,h,a,d=0   $ air 
c Room filled with vac                                                           
10005     0 -1 2 3 4 5 7 imp:n,p=1 imp:e,h,a,d=0   $ vaccuum on the moon 
c Void to terminate n-p histories                                                
10006     0         1 6  imp:n,p,e,h,a,d=0  $ void 
c Regalith                                                                       
10007     5 -1.5 -6      imp:n,p=1 imp:e,h,a,d=0  
c Spacecraft 
10008     4 -2.6989 -7   imp:n,p=1 imp:e,h,a,d=0  
 
c Surfaces start                                                                 
c ============                                                                   
c   World                                                                        
    1       rpp -50 50 -500 500 -7.62 70  $  air 
c   Source cage                                                                  
    2        sz 42.809 0.1  $ Small sphere to house the source 
c   Shielding                                                                    
    3       arb 3.81 3.81 0 -3.81 3.81 0 -3.81 -3.81 0 3.81 -3.81 0 2.92 2.92 
                 10 -2.92 2.92 10 -2.92 -2.92 10 2.92 -2.92 10 1234 1256 1458 
                 3478 2367 5678 
    4       arb 2.92 2.92 10 -2.92 2.92 10 -2.92 -2.92 10 2.92 -2.92 10 0.25 
                 0.25 40 -0.25 0.25 40 -0.25 -0.25 40 0.25 -0.25 40 1234 1256 
                 1458 3478 2367 5678 
c   Detector cube                                                            
    5       rpp -3.81 3.81 -3.81 3.81 -7.62 0  $ detector horizontal cylinder 
c Regolith                                                                       




    7       rpp -45 45 -45 45 69 70 
 
c ============                                                                   
mode  n p e h a d 
c                                                                                
c ACT DN=BOTH DNBIas=10 FISSION=ALL                                              
c =========== Materials ============                                             
c --- Borated Poly (5% natural boron) ---                                        
m1    1001.           -0.1357  $MAT1 
      6012.           -0.8143 5010.           -0.0099 5011.           -0.0401  
c --- Pb                                                                         
m2    82000.                1  $MAT2 
c --- Air, dry, sea level ---                                                    
m3    6000.         -0.000124  $MAT3 
      7014.         -0.755268 8016.         -0.231781 18000.        -0.012827 
C --- Aluminum, Simulating Spacecraft ---  
m4    13027.          -1  $ (density 2.6989 g/cc)  
C --- Lunar Regolith ---- 
m5    8016.          0.534   12000.            0.028 
      14000.         0.119  20000.            0.035 
      11023.         0.0035 13027.            0.0455 
      26000.         0.035 
      1001.            0.2 
c --- CLYC detector --- 
m6     55133.70c 2 3006.70c 0.95  
       3007.70c 0.05 39089.70c 1 
       17035.70c 4.5456 17037.70c 1.4544 
c ================= SOURCE TERM ==================                               
c                                                                                
sdef par=n erg=14.1 pos=0 0 42.809 cel=10004 tme=d1  $ energy=14.1 MeV isotropic 
c                                                                                
si1   0 1000         $ Square neutron pulse, duration: 0 - 10 microseconds       
sp1  0 1                                                                         
c ================ TALLIES =======================                               
c                                                                                
f6:e 10001  $ cell 10001 is the CLYC6 detector 
f8:p 10001 $ gammas (PHL treated deposition of electrons) 
ft8 PHL 1 6 1 0 GEB 0.019 0.00065 30.8642  $ Doppler broadening of gamma spectrum 
e8   0.01 200i  11.0   $ 200 energy bins from 0.01 MeV to 11.0 MeV 
t8   1000 10000 100000   $ 3 time windows (during pulse, and after pulse) 
fq8 e t   $ printing order  
 
f16:h 10001 $ energy deposited by protons 
f26:a 10001 $ alphas 
f36:d 10001 $ deuterons 
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f18:n 10001  $ neutrons (PHL treated deposition of alphas, protons, deuterons) 
ft18 phl 3 16 1 26 1 36 1 0 
e18   0.01 200i  14.1   $ 200 energy bins from 0.01 MeV to 14.1 MeV 
t18   1000 10000 100000   $ 3 time windows  
fq18 e t    $ printing order                                                                       
c ================ PHYSICS =======================                               
phys:n j 20 2j    $ physics for neutrons                                         
phys:p  2j 0      $ physics for photons 
PHYS:E 100 0 0 0 0 1 1 1 1 0 0 J J 0.917 0.001 0    $ physics for electrons 
PHYS:H 100 0 -1 J 0 J 0 J J J 0 0 0 0.917 0 0     $ physics for protons                                   
c                                                                                
c ======== CUTOFFS ===============================                               
cut:n    1000000.0 0.0 0 0 j     $ 10000 microseconds                            
cut:p    1000000.0 0.001 0 0 j   $ 10000 microseconds                            
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